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X  study  was  made  to  define  the  flight  limitations  of  supersonic 
missiles  which  are  imposed  by  thermal  stress  failure  of  ceramic  A -sandwich 
radome  structures.  The  investigation  verified  the  accuracy  of  an  analytical 
model  for  determining  thermal  stresses  in  sandwich  materials,  and  then  used 
this  model  to  define  the  thermal  stress  limits  of  alumina  (AI2O3)  and  Pyroceram 
9606  A -sandwich  radomes  when  flown  on  supersonic  trajectories.;  An  investiga¬ 
tion  performed  to  determine  the  optimum  A -sandwich  dimension's  for  thermal 
stress  resistance  showed  that  there  is  no  optimum  sandwich  configuration,  but 
that  the  best  choice  is  the  monolithic  wall.  Velocity  versus  time  plots  of  a 
number  of  A-sandwich  wall  configurations  are  presented,  each  showing  the  time 
of  thermal  stress  failure  for  a  particular  trajectory.  These  give  a  representa¬ 
tive  picture  of  the  flight  limitations  of  alumina  and  Pyroceram  9606  A-sandwich 
radomes. 
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ABSTRACT 


A  study  was  performed  to  define  the  flight  limitations 
due  to  thermal  stress  failure  of  ceramic  A -sandwich  radome 
structures  in  supersonic  missiles.  The  investigation  was 
accomplished  in  two  phases;  The  first  phase  verified  the 
accuracy  of  an  analytical  model  for  determining  thermal 
stresses  in  sandwich  materials.  The  second  phase  used  this 
analytical  model  to  define  the  thermal  stress  limits  of  alum¬ 
ina  (Al.^Og)  and  Pyroceram  9606  A-sandwich  radomes  flown 
on  supersonic  trajectox’ies. 

Two  steps  were  taken  preliminary  to  the  second 
phase  of  the  investigation;  The  porosity  dependence  of  the 
physical  properties  of  alumina  and  Pyroceram  were  found, 
and  an  attempt  was  made  to  define  the  optimum  A-sandwich 
wall  dimensions  for  thermal  stress  resistance.  The  re¬ 
sults  of  the  optimization  study  showed  that  there  is  no  opti¬ 
mum  sandwich  configuration  for  either  alumina  or  Pyro¬ 
ceram  9606.  It  was  shown  that  the  best  design  for  thermal 
stress  resistance  is  the  monolithic  wall. 

Subsequent  to  the  optimization  study,  the  thermal 
stress  flight  limitations  were  determined  for  many  A-sand¬ 
wich  wall  configurations.  These  limits  take  the  form  of 
velocity  versus  time  plots  on  which  the  time  of  stress 
failure  is  plotted  for  a  particular  trajectory.  While  not 
every  combination  of  trajectory  and  wall  design  was  studied, 
the  cases  presented  give  a  representative  picture  of  the 
flight  limitations  of  alumina  and  Pyroceram  9606  A-sand¬ 
wich  radomes. 
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SUMMARY 


In  recent  years  the  idea  of  manufacturing  ceramic 
radomes  with  sandwich  type  walls  has  been  proposed  to 
achieve  electrical  and  mechanical  advantages  over  mono¬ 
lithic  designs.  However,  theoretical  investigations  have 
indicated  that  A -sandwich  configurations  will  be  more  sus¬ 
ceptible  to  thermal  stress  failures  than  monolithic  walls. 

In  an  effort  to  validate  this  theoretical  prediction,  labora¬ 
tory  tests  were  conducted  on  several  alumina  (AI2O3) 
sandwich  specimens  to  determine  thermal  stress  failure 
levels.  The  test  results  showed  low  failure  stresses  and 
excellent  correlation  to  the  theoretical  predictions. 

Using  the  theoretical  prediction  method  previously 
developed  and  verified,  a  study  was  performed  wherein 
both  alumina  and  Pyroceram  9606  A-sandwich  radomes 
were  flown  on  simulated  trajectories.  Variations  of  the 
core  porosity  and  skin  thickness  were  made  to  determine 
the  optimum  combination  of  these  parameters  for  sustaining 
thermal  stress.  The  flight  simulations  were  run  for  walls 
that  were  electrically  optimized  for  transmission  at  C-,  X-, 
and  K-band  wavelengths.  A  knowledge  of  the  porosity  de¬ 
pendence  of  the  physical  properties  of  Pyroceram  and  alum¬ 
ina  was  required,  and  a  preliminary  study  was  performed  to 
gather  this  information. 

The  study  showed  that  there  is  no  combination  of 
core  density  and  skin  thickness  which  produces  an  optimum 
sandwich  wall  with  respect  to  thermal  stress  resistance. 

The  study  also  determined  the  environmental  limits  of  A- 
sandwich  alumina  and  Pyroceram  9606.  A  performance 
envelope  with  altitudes  from  0  to  100  000  feet  and  speeds 
from  0  to  12  000  ft/s  was  used.  In  no  case  did  any  alumina 
A-sandwich  design  exceed  a  velocity  of  4000  ft/s,  and  most 
of  the  cases  studied  had  thermal  stress  failures  near 
2500  ft/s. 
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The  highest  limit  is  experienced  for  very  thin  K-band 
radomes  and  should  not  be  taken  as  representative.  K-band 
Pyroceram  A-sandwich  radomes  achieved  failures  due  to 
melting  at  8000  ft/s  while  the  majority  of  Pyroceram  cases 
showed  thermal  stress  failures  in  the  range  of  4500  to 
5000  ft/s. 
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1.  INTRODUCTION 


Early  research  and  development  by  a  few  ceramic 
manufacturers  (Refs.  1  through  4)  led  to  the  conclusion 
that  A-sandwich  radome  structures  would  offer  greater 
resistance  to  thermal  stresses  than  monolithic  designs, 
while  providing  lighter  weight  and  broadband  radar  trans¬ 
mission.  This  conclusion  was  based  largely  on  experi¬ 
mental  work  in  which  the  thermal  shock  environment  was 
vague  and  ill -defined. 

In  an  effort  to  more  quantitatively  describe  the 
thermal  shock  capability  of  A-sandwich  configurations,  a 
series  of  experimental  and  analytical  studies  were  con¬ 
ducted  at  APL.  The  study  had  two  major  phases;  The 
first  phase  dealt  with  correlating  experimentally  measured 
thermal  stresses  in  alumina  A-sandwich  cylinders  to  a 
prediction  method  developed  by  Rivello  (Ref.  5).  The  re¬ 
sults  of  this  test  program  demonstrated  a  high  degree  of 
correlation  between  the  theoretically  predicted  and  the  ex¬ 
perimentally  measured  stresses. 

In  the  second  phase,  the  theory  of  Rivello  was  used 
to  generate  thermal  stress  limits  for  A-sandwich  radome 
structures.  In  order  to  accomplish  this  task  efficiently, 
it  was  necessary  to  see  if  the  design  parameters  (skin 
thickness,  core  density,  and  overall  wall  thickness)  of 
A-sandwich  walls  could  be  optimized  —  that  is,  to  see  if 
there  is  an  A-sandwich  wall  of  a  particular  skin  thickness 
(or  core  porosity)  which  resists  thermal  stresses  better 
than  all  other  v/alls.  If  such  a  design  could  be  found,  then 
fev/er  analyses  would  be  required  during  the  flight  limita¬ 
tions  study  to  define  the  maximum  flight  limits.  The  aero¬ 
dynamic  heating  conditions  experienced  during  supersonic 
flights  are  simulated  analytically  with  a  computer  program 
developed  by  APL  (Refs.  6  and  7).  Two  materials,  99.  5% 
pure  alumina  (AlgOg)  and  Pyroceram  9606  ceramic  are 
considered  during  this  phase  of  the  analysis.  (Pyroceram 
9606  is  a  registered  trademark  of  Corning  Glass. ) 
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2.  DISCUSSION  OF  INITIAL  WOHK 


The  initial  interest  in  A -sandwich  structures  for 
missile  applications  grew  out  of  work  by  the  International 
Pipe  and  Ceramics  Corporation  in  1964.  This  company 
developed  a  slip  casting  technique  for  fabricating  sandwich 
radome  structures,  carried  out  some  qualitative  thermal 
shock  tests,  and  published  a  report  of  properties  for  alum¬ 
ina  sandwich  materials  (Ref.  1). 

In  a  paper  given  by  Loyet  (Ref.  2)  at  the  1964  OSU- 
RTD  Symposium  on  Electromagnetic  Windows,  the  thermal 
stress  resistance  of  A -sandwich  construction  was  claimed 
to  be  superior  to  all  other  types.  This  was  based  on  the 
qualitative  results  of  thermal  stress  experiments  at  Hughes 
Aircraft  (Ref.  3). 

In  1965,  Corning  Glass  fabricated  several  small 
radomes  of  monolithic  and  A-sandwich  alumina  and  used 
hot  salt  bath  immersion  for  thermal  shock  testing.  The 
findings  of  these  tests  were  that  monolithic  radomes  re¬ 
sisted  thermal  shock  better  than  the  A-sandwich  designs. 
The  tests  lacked  an  adequate  descripticxi  of  the  thermal 
environment  used  and  therefore  no  definitive  conclusion 
can  be  reached. 

Thermal  shock  tests  were  performed  by  Copeland 
and  Greene  (Ref.  4)  on  A-sandwich  radomes  in  a  molten 
metal  bath.  The  bath  temperatures  were  increased  until 
immersion  caused  thermal  stress  failure.  Some  radomes 
survived  bath  temperatures  of  2000®F  to  2500°F,  but  all 
samples  failed  at  3000°F,  Again,  no  quantitative  definition 
of  heat  flux  during  the  test  is  known,  but  the  A-sandwich 
design  was  rated  with  a  good  thermal  stress  capability. 

After  a  fabrication  technique  was  developed  for 
sandwich  ceramics,  and  their  use  as  radome  materials 
was  introduced,  work  began  at  APL  toward  developing  an 
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cylindrical  fixture  known  as  a  "clam  shell,  "  and  the  test 
cylinder  was  suspended  concentrically  in  this  divice 
(Fig.  1). 


It  was  desirable  to  know  the  axial  temperature  dis¬ 
tribution  induced  by  the  clam  shell,  so  a  sample  cylinder 
was  instrumented  with  an  array  of  axial  thermocouples  and 
several  tests  were  made  to  determine  the  magnitude  and 
shape  of  the  axial  gradient  under  varying  heating  condi¬ 
tions.  Figure  2  shows  some  representative  data  taken  dur¬ 
ing  these  tests,  and  shows  that  the  axial  gradient  is  appre¬ 
ciable.  In  order  to  determine  the  effect  of  this  axial  tem¬ 
perature  distributic»i  on  the  stress  distribution,  a  finite 
difference  computer  program  was  run  under  two  cases:  (1) 
with  an  axial  variation  in  temperature  and  (2)  with  no  axial 
’v'ariiition  in  temperature.  The  computer  results  of  the 
inner  s’ in  stresses  at  various  points  for  the  two  cases  are 
shown  in  t-’igs.  2  and  3.  Inclusion  of  the  axial  gradient 
tends  to  reduce  the  high  stresses  near  the  ends  of  the  cylin¬ 
der,  while  at  the  same  time  the  stresses  at  the  center  of  the 
cylinder  (which  are  of  primary  interest)  are  \'irtually  un¬ 
affected.  These  results  indicate  that  the  test  temperatures 
will  cause  the  maximum  stresses  to  occur  at  the  middle 
section  of  the  cylinder,  which  is  most  desirable. 

I’he  instrumentation  for  this  test  sequence  consisted 
of  high  temperature  biaxial  strain  gages  (Budd  Co.  EC-124B- 
R2TS),  temperature  sensors  (W.  T.  Bean  Co.  STG-50),  and 
40  gage  iron  constantan  thermocouples  (Thermoelectric  Co. ). 
Strain  and  temperature  measurements  were  taken  at  the  cen¬ 
ter  station  on  ihe  inner  wall,  and  temperatures  were  mea¬ 
sured  at  several  outside  locations.  Figure  4  is  a  close-up 
view  of  the  cylinder  in  the  clam  shell  just  prior  to  an  appli¬ 
cation  of  black  Himshed -Mason  paint.  The  paint  was  used 
to  provide  a  high  absorption  surface.  Two  measurement 
locations  were  chosen  for  each  cylinder  at  the  middle  sta¬ 
tion:  one  at  an  arbitrary  0°  meridian  and  another  180°  from 
this  point.  When  all  the  instrumentation  was  installed,  the 
cylinders  were  filled  with  fiberglass  insulation  and  sus¬ 
pended  on  a  metal  rod  by  transite  end  closures  as  shown  in 
Figs.  1  and  4,  The  insulation  and  sealing  of  the  ends  of  the 
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analytical  tool  which  could  be  used  for  predicting  thermal 
stresses  in  sandwich  structures.  As  a  result  of  this  ef¬ 
fort,  R.  M.  Rivello  developed  a  theory  for  stresses  in 
composite  cylinders  (Ref.  5)  which  was  used  to  examine 
A -sandwich  radome  geometries  on  supersonic  trajectories. 
Although  Rivello's  theoi*y  considers  only  cylindrical  geom¬ 
etries,  other  work  (Ref.  8)  has  shown  that  using  the  cylin¬ 
der  approximation  to  the  radome  shape  is  sufficiently  accu¬ 
rate  to  make  valid  comparisons,  and  avoids  the  complexity 
involved  with  consideration  of  the  actual  radome  ccmtour. 

The  preliminary  study  using  Rivello's  theory  showed 
that  an  A -sandwich  wall  will  realize  much  higher  tensile 
stresses  (by  a  factor  of  about  3)  than  a  monolithic  wall  in 
the  same  thermal  environment.  This  result  directly  con¬ 
tradicted  the  earlier  claims  of  good  thermal  stress  resis¬ 
tance  for  A -sandwich  walls.  Because  of  this  contradiction, 
the  validity  of  Rivello's  theory  was  questioned  and  an  ex¬ 
perimental  program  was  initiated  to  determine  the  accu¬ 
racy  of  the  prediction  method.  The  laborat  ory  tests  and 
subsequent  comparisDns  to  Rivello's  theory  constitute 
phase  1  of  the  current  study  and  are  discussed  next. 
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3.  VALIDATION  OF  STRESS  PREDICTION  METHOD 


In  order  to  validate  the  thermal  stress  theory  of 
Rivello,  two  alumina  A -sandwich  cylinders  were  pro- 
curred  from  the  Brunswick  Corporation  for  the  purpose 
of  instrumentation  and  testing.  Each  cylinder  was  10 
inches  long  and  had  a  5 -inch  outside  diameter.  The  over¬ 
all  wall  thickness  of  the  A -sandwich  was  about  0. 5  inch, 
with  skin  thicknesses  of  about  0. 02  inch.  Inspection  of 
the  cylinders  upon  receipt  revealed  fair  dimensional  con¬ 
trol;  skin  thickness  variations  were  on  the  order  of 
±0.01  inch  in  10  inches  length,  and  overall  wall  thickness 
measurements  varied  ±0. 017  inch  from  0. 452  inch.  A 
complete  dimensional  survey  was  made  and  strength  and 
density  data  were  taken.  A  detailed  report  of  these  mea¬ 
surements  can  be  found  in  Ref.  9.  Briefly  the  results 
are: 

Modulus  of  elasticity  of  skin 

Modulus  of  elasticity  of  core 

Modulus  of  rupture  of  skin 

Modulus  of  rupture  of  core 

Poisson's  ratio 

Coefficient  of  thermal  ex¬ 
pansion  for  skin  and  core 
at  100°F 

In  addition  to  these  measurements,  a  cylinder  which  was 
not  suitable  for  thermal  shock  tests  was  instrumented 
with  strain  gages  and  cut  both  axially  and  circumferentially 
to  check  for  residual  stresses  caused  during  fabrication. 
The  results  of  this  investigation  showed  that  negligible 
residual  stresses  were  present  in  the  cylinders. 

Thermal  stresses  were  induced  in  the  test  speci¬ 
mens  by  radiative  heating.  Twenty-four  12-inch,  2000- 
watt  quartz  lamps  were  arranged  around  a  12 -inch  diameter 


43.  3  X  10"  psi  ±30% 
1.  99  X  10®  psi  ±33% 
29  000  psi  ±30% 

1200  psi  ±15% 

0.  24 

3. 25  X  10”®  in/in-“F 
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cylindrical  fixture  known  as  a  "clam  shell,  "  and  the  test 
cylinder  was  suspended  concentrically  in  this  divice 
<Fig.  1). 

It  was  desirable  to  know  the  axial  temperature  dis¬ 
tribution  induced  by  the  clam  shell,  so  a  sample  cylinder 
was  instrumented  with  an  array  of  axial  thermocouples  and 
several  tests  were  made  to  determine  the  magnitude  and 
shape  of  the  axial  gradient  under  var3ring  heating  condi¬ 
tions.  Figure  2  shows  some  representative  data  taken  dur¬ 
ing  these  tests,  and  shows  that  the  axial  gradient  is  appre¬ 
ciable.  In  order  to  determine  the  effect  of  this  axial  tem¬ 
perature  distribution  on  the  stress  distribution,  a  finite 
difference  computer  program  was  run  under  two  cases:  (1) 
with  an  axial  variation  in  temperature  and  (2)  with  no  axial 
variation  in  temperature.  The  computer  results  of  the 
inner  skin  stresses  at  various  points  for  the  two  cases  are 
shown  in  Figs.  2  and  3.  Inclusion  of  the  axial  gradient 
tends  to  reduce  the  high  stresses  near  the  ends  of  the  cylin¬ 
der,  while  at  the  same  time  the  stresses  at  the  center  of  the 
cylinder  (which  are  of  primary  interest)  are  virtually  un¬ 
affected.  These  results  indicate  that  the  test  temperatures 
will  cause  the  maximum  stresses  to  occur  at  the  middle 
section  of  the  cylinder,  which  is  most  desirable. 

The  instrumentation  for  this  test  sequence  consisted 
of  high  temperature  biaxial  strain  gages  (Budd  Co.  EC-124B- 
R2TS),  temperature  sensors  (W.  T.  Bean  Co.  STG-50),  and 
40  gage  iron  constantan  thermocouples  (Thermoelectric  Co. ). 
Strain  and  temperature  measurements  were  taken  at  the  cen¬ 
ter  station  on  the  inner  wall,  and  temperatures  were  mea¬ 
sured  at  several  outside  locations.  Figure  4  is  a  close-up 
view  of  the  cylinder  in  the  clam  shell  just  prior  to  an  appli¬ 
cation  of  black  Rimshed -Mason  paint.  The  paint  was  used 
to  provide  a  high  absorption  surface.  Two  measurement 
locations  were  chosen  for  each  cylinder  at  the  middle  sta¬ 
tion:  one  at  an  arbitrary  0°  meridian  and  another  180°  from 
this  point.  When  all  the  instrumentation  was  installed,  the 
cylinders  were  filled  with  fiberglass  insulation  and  sus¬ 
pended  on  a  metal  rod  by  transits  end  closures  as  shown  in 
Figs.  1  and  4.  The  insulation  and  sealing  of  the  ends  of  the 
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Fig.  1  ALUMINA  A-SANDWICH  CYLINDER  IN  CLAMSHELL  HEATING  FIXTURE 
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Fig.  2  MEASURED  AXIAL  SURFACE  TEMPERATURES  AND  THEORETICAL  STRESSES 
CONSIDERING  AN  AXIAL  TEMPERATURE  GRADIENT 


STRESS  (Ib/ii 


Fig,  3  THEORETICAL  STRESSES  COMPUTED  ASSUMING  NO  AXIAL  TEMPERATURE 
VARIATION 


I 


Fig.  4  ALUMINA  CYLINDER  IN  HEATING  FIXTURE 
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cylinders  was  done  to  eliminate  undefinable  heating  to 
the  inner  surface. 

For  the  first  test  of  cylinder  number  1,  the  outside 
temperature  was  increased  to  approximately  200®F  in  30 
seconds.  It  was  anticipated  that  this  would  induce  a  mod¬ 
erate  thermal  stress  level,  and  that  subsequent  runs  would 
reach  higher  levels.  Unexpectedly,  at  about  25  secwids 
into  the  run,  a  small  but  definite  discontinuity  in  the  stress 
record  occurred.  This  discontinuity  suggested  that  a 
small  localized  failure  had  occurred,  relieving  the  stresses 
on  the  inside  surface.  Two  more  runs  were  made  on  this 
cylinder,  and  each  helped  to  confirm  that  some  failure  had 
occurred  in  run  1.  For  the  third  test  of  cylinder  number  1, 
a  slightly  higher  heat  flux  was  applied,  and  at  about  30  sec¬ 
onds  into  the  run  an  audible  cracking  occurred  and  the 
strain  records  indicated  a  sizable  jump.  At  the  time  of 
this  failure  the  strain  gages  indicated  a  stress  level  of  ap¬ 
proximately  13  000  psi.  However,  this  level  may  have 
been  influenced  by  the  partial  failure  (most  likely  in  the 
core)  belived  to  have  occurred  in  run  number  1.  Figure  5 
is  a  photograph  showing  the  internal  surface  of  the  cylinder 
after  it  was  dye -checked.  The  dye  has  made  the  cracks 
readily  visible,  and  has  also  caused  the  discororations  on 
the  end  of  the  cylinder. 

The  second  cylinder  was  instrumented  and  tested 
initially  at  substantially  lower  heat  fluxes  because  of  the 
experience  with  the  first  cylinder.  As  a  result  of  this 
care,  eight  runs  were  made  over  a  range  of  heat  fluxes 
with  excellent  results.  In  run  number  12,  the  heat  flux 
caused  thermal  stress  failure  much  like  that  observed  in 
run  number  3  of  the  first  cylinder.  The  stress  level  re¬ 
corded  at  the  time  of  failure  was  approximately  15  000  psi, 
which  is  in  close  agreement  with  the  failure  level  recorded 
for  cylinder  number  1.  At  this  point  it  is  important  to 
emphasize  the  extremely  low  heat  flux  levels  that  were 
imposed  upon  these  two  test  cylinders.  The  following 
paragraphs  present  a  detailed  discription  of  the  tempera¬ 
ture  histories  applied,  the  stresses  recorded,  and  a  dis¬ 
cussion  of  the  correlation  results. 
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Fig.  5  CRACK  PATTERN  OF  CYLINDER  NUMBER  1  AFTER  FAILURE 
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The  first  step  toward  a  theoretical  correlation  of 
thermal  stresses  is  the  definition  of  the  thei  mal  gradient 
through  the  v/all  of  the  cylinders.  A  heat  transfer  program 
developed  by  APL  (Ref.  6)  was  used  for  this  purpose.  The 
conductivity  of  the  core  material  was  evaluated  with  the 
following  technique.  Analytical  models  of  the  cylinders 
(Fig.  6)  were  devised  and  the  measured  outer  surface  tem¬ 
peratures  were  imposed  on  the  model.  The  core  conduc¬ 
tivity  was  taken  to  be  some  constant  percentage  of  the  dense 
alumina  conductivity  reported  in  Ref.  10.  This  propor¬ 
tionality  constant  was  varied  until  the  theoretically  calculated 
inner  wall  temperatures  agreed  with  the  measured  inner 
wall  temperatures.  For  cylinder  number  1,  this  value  was 
6.  74%  of  the  dense  conductivity. 

Figure  7  shows  the  measured  stresses  and  tempera¬ 
tures  for  run  1  of  cylinder  number  1.  Also  shown  are  the 
calculated  temperatures  and  the  predicted  stress  history 
from  Rivello's  theory.  The  measured  and  theoretical 
stresses  agree  to  better  than  20%  at  the  worst  point.  This 
deviation  can  partly  be  explained  from  later  observations  of 
wall  thickness  variations  along  the  circumference.  As  men¬ 
tioned  earlier,  cylinder  number  1  cracked  on  run  1,  and  for 
this  reason  no  further  theoretical  correlations  were  attempted 
with  this  cylinder. 

Figure  8  shows  the  results  obtained  for  run  9  con¬ 
ducted  on  cylinder  number  2.  Here,  two  theoretical  results 
of  inside  surface  stress  and  temperature  are  presented  to 
indicate  the  influence  thermal  conductivity  variations  have 
on  the  theoretical  stresses.  With  the  higher  thermal  con¬ 
ductivity  (9%  of  the  skin  conductivity),  the  inside  predicted 
temperatures  are  a  maximum  of  approximately  5®F  above 
the  measured  values;  using  a  thermal  conductivity  of  6.  74% 
of  the  skin  conductivity,  the  maximum  temperature  differ¬ 
ence  is  6®F  below  the  experimental  values.  Because  these 
results  are  nearly  bisected  by  the  experimental  data,  it  is 
expected  that  the  best  theoretical  stresses  also  lie  between 
these  results.  For  at  least  part  of  the  stress  history,  the 
experimental  data  fall  between  the  two  theoretical  predic¬ 
tions.  These  test  results  indicate  that  a  good  correlation 
of  the  experimental  results  with  theory  was  achieved. 
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Fig.  8  ALUMINA  A-SANDWICH  TEMPERATURE  AND  STRESS  CORRELATION 
FOR  CYLINDER  NUMBER  2,  RUN  9 
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The  results  obtained  for  runs  11  and  12  are  presented 
in  Figs.  9  and  10,  respectively.  These  particular  runs  were 
chosen  for  correlation  study  because  they  were  the  best  test 
runs  from  the  second  cylinder  test  series.  On  several  of  the 
test  runs  there  were  false  starts  in  which  heating  of  the  cy¬ 
linder  failed  to  follow  the  desired  history.  When  this  oc¬ 
curred,  the  test  was  aborted.  The  stress  history  of  run  12 
is  presented  (Fig.  10),  with  the  time  of  stress  failure  in  the 
specimen  noted.  This  figure  also  shows  the  variation  of  ex¬ 
periment  from  theory,  which  appears  to  be  larger  than  in 
runs  9  and  11.  Possibly  some  stress  failure  had  occurred 
previously  between  the  skin  and  core,  which  would  cause  the 
experimental  and  theoretical  stresses  to  diverge.  Even  so, 
the  maximum  variation  of  these  deviations  was  less  than  20%, 
as  found  in  cylinder  number  1.  Combining  the  results  pre¬ 
sented  in  Figs.  8,  9,  and  10,  the  percent  error  histories 
were  calculated  for  the  three  runs.  Results  of  this  calcula¬ 
tion  are  summarized  in  Fig.  11,  which  shows  the  maximum 
error  is  about  16%  of  the  experimental  data.  This  accuracy 
is  quite  good,  considering  the  large  number  of  variables  in¬ 
volved  ir.  the  test  program. 

As  a  result  of  the  work  presented  in  this  section  and 
the  results  of  Figs.  7  through  11,  the  theoretical  method 
developed  and  reported  in  Ref.  5  may  be  considered  suffi¬ 
ciently  accurate  for  predicting  thermal  stresses  in  alumina 
A-sandwich  cylinders.  Even  though  the  experimental  pro¬ 
cedures  used  during  the  tests  were  considered  satisfactory, 
it  is  suspected  that  the  theoretical  model  deviated  from  the 
experimental  test  articles  sufficiently  to  cause  the  variations 
that  were  noted  in  the  correlation  study.  It  is  believed  from 
the  definitive  information  on  the  mechanical  and  thermal 
properties  of  the  A-sandwich  material,  that  the  theoretical 
method  (Ref.  5)  used  in  this  study  for  determining  thermal 
stresses  is  adequate  and  would  be  in  error  by  less  than  20%. 
As  stated  previously,  application  of  a  cylindrical  theory  to 
evaluate  radome  stresses  involves  some  amount  of  error 
depending  on  the  proximity  of  the  analysis  to  the  tip  region. 
Since  the  percent  errors  in  the  present  correlation  are 
attributable  to  measurement  errors  and  test  specimen  un-  ■ 
certainties  it  is  felt  that  the  infinite  cylinder  theory  of 
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4.  POROSITY  STUDIES 


In  designing  monolithic  radome  structures  the  ra- 
dome  designer  has  only  two  basic  wall  thicknesses  to  choose 
from  once  the  radar  frequency  and  antenna  geometry  have 
been  established.  One  is  the  half-wave  length  wall,  and  the 
other  is  the  "thin  skin"  wall  considerably  less  than  a  half¬ 
wave  thick.  For  ceramic  materials,  the  thin  skin  is  too 
weak  to  be  practical  and  the  half-wave  wall  is  usually 
chosen.  When  an  A -sandwich  design  is  considered,  there 
is  no  longer  only  a  single  choice  for  the  design  of  a  half¬ 
wave  wall.  A  great  variety  of  skin  thicknesses  and  core 
porosities  may  be  selected  which  will  be  suitable  electri¬ 
cally.  In  attempting  to  define  the  flight  limitations  due  to 
thermal  stress  of  A-sandwich  ceramic  radomes,  efficient 
use  of  time  would  suggest  that  an  optimization  study  be 
made  to  find  what  combination  of  skin  thickness  and  core 
porosity  will  provide  the  best  resistance  to  thermal  stresses. 
In  order  to  accomplish  such  a  parametric  study,  two  es¬ 
sential  relationships  must  first  be  defined:  (a)  an  equation 
that  shows  which  skin  to  core  thickness  ratios  provide  opti¬ 
mum  transmission  and  (b)  a  relationship  between  porosity 
and  the  physical  properties  of  the  wail  material.  Reference 
11  reports  the  following  equation  for  relating  skin  thickness 
to  core  thickness  with  several  other  quantities  as  parame¬ 
ters: 


nff  -tan 


-r  (1  +  r  )  sin  2*^ 
s  sc  _ s 


r  (1  +  rf)  +  r  (1  +  rf  )  cos^ 
sc  3  9  SC 


»j.  ’ 


(1) 
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Preceding  page  blank 
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=  core  and  skin  thickness,  respectively 

=  angle  of  incidence  of  the  radar  beam  to 
the  A -sandwich  wall 

=  the  wavelength  in  free  space  of  the  inci¬ 
dent  radar,  which  maj^  be  of  parallel  or 
perpendicular  polarization 

=  dielectric  constant  for  skin  material 

=  dielectric  constant  for  core  material 

--  skin  to  air  reflection  coefficient,  a  func¬ 
tion  of  €  g 

=  skin  to  core  reflection  coefficient,  a 
function  of  c  g,  and 

=  the  "order"  of  the  wall  definition  (n  =  1 
for  1/2  wavelength). 


iv 

L. 


Solutions  to  this  equation  were  generated  by  a  com¬ 
puter  program  for  alumina  with  66%  and  80%  porous  cores, 
and  a  plot  of  some  of  these  solutions  is  shown  in  Fig.  12. 
The  values  of  the  other  parameters  are  called  out  in  the 
figure.  The  periodicity  of  the  function  is  a  result  of  the 
arc -tangent  function.  Also  shown  on  the  figure  are  the 
half-wave  thicknesses  for  a  dense  monolithic  wall  at  the 
four  radar  frequencies  in  S-,  C-,  X-,  and  K-bands.  Note 
that  the  plane  determined  by  the  d^  and  dg  axes  (Fig.  12) 
identifies  every  possible  symmetric  A-sandwich  wall  de¬ 
sign.  The  lines  plotted  on  this  plane  represent  the  only  de¬ 
signs  which  can  be  considered,  because  only  these  designs 
allow  optimum  radar  transmission  efficiency  at  the  speci¬ 
fied  wavelength. 

As  noted  jjreviously,  the  current  study  includes  ex¬ 
amining  the  effects  of  varying  the  skin  thickness  and  the 
core  porosity  of  electrically  equivalent  half-wave  ceramic 
walla  to  discover  what  combination  of  skin  thickness  and 
core  density  produces  the  greatest  resistance  to  thermal 
stress.  In  order  to  perform  this  parametric  study,  the 
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effect  of  porosity  on  the  thermal  and  mechanical  properties 
of  the  ceramic  must  be  kncwn.  A  survey  of  the  literature 
has  revealed  various  experimental  and  theoretical  treat¬ 
ments  of  this  subject  and  the  following  discussion  will  at¬ 
tempt  to  compile  this  information  as  it  applies  to  foamed 
slip  cast  alumina. 

The  physical  properties  of  interest  in  a  thermal 
stress  study  include  density  (p),  specific  heat  (cp),  thermal 
conductivity  (k),  elastic  modulus  (E),  Poisson ' s_ratio  (t>> 
and  the  coefficient  of  linear  thermal  expansion  (a).  In  the 
current  study,  where  it  is  of  interest  to  calculate  the  effects 
on  thermal  stress  of  varying  the  core  density  in  alumina 
A -sandwich  and  2 -ply  walls,  it  is  necessary  to  know  the 
dependence  of  these  properties  on  bulk  porosity. 


DENSITY  AND  SPECIFIC  HEAT 

The  equation  which  will  be  used  to  determine  the 
temperature  gradients  across  the  sandwich  walls  is  the 
basic  Fourier  conduction  equation,  written  in  a  finite 
difference  form: 


q  = 


Z  i  AT 

¥i  ST  “  A? '  <2> 

i=l  1 


where; 

q  =  the  time  rate  of  heat  flow  into  an  element 
of  volume,  V 

Cp  =  the  specific  heat  of  material 

A  =  cross  sectional  area  normal  to  the  direction 
of  heat  flow  between  the  volume  and  each 
adjacent  volume 

AT.  =  the  difference  of  temperature  between  V 
^  and  adjacent  volumes 
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Ax.  =  the  distance  over  which  the  temperature 
difference  ATj  exists 

AT  =  the  change  in  temperature  of  the  volume  in 
the  time  interval  At. 

In  this  equation,  the  density-specific  heat  product  (PCp) 
can  be  treated  as  a  single  constant,  and  it  is  this  comoined 
constant  which  will  vary  with  porosity.  As  pores  are  in¬ 
troduced  into  a  material,  they  displace  a  corresponding 
volume  of  dense  material.  Although  the  specific  heat  (Cp) 
of  the  pore  material  may  be  of  the  same  magnitude  as  that 
of  the  solid  material,  the  density  of  the  pores  is  much  less. 
Consequently,  the  total  heat  capacity  (PCp)  of  the  pore  ma¬ 
terial  may  be  neglected.  With  this  assumption  it  is  possi¬ 
ble  to  say  that  the  heat  capacity  of  a  porous  material  varies 
directly  with  the  degree  of  porosity,  i.  e. , 

where 

P  =  is  the  volume  fraction  of  pores,  subscript 
P  refers  to  the  porous  composite,  and  sub¬ 
script  d  refers  to  the  dense  material. 


POISSON'S  RATIO  AND  COEFFICIENT  OF  THERMAL 
EXPANSION 

Coble  and  Kingery  (Ref.  12)  report  a  study  by 
Austin  (Ref.  13)  which  shows  that  the  porosity  has  no  ef¬ 
fect  on  the  linear  expansion  coefficient.  Kelly  and  Whatham 
(Ref.  14)  report  an  investigation  of  the  effect  of  porosity 
on  Poisson's  ratio  in  a  ceramic  material.  They  show  that 
Poisson's  ratio  is  also  independent  of  porosity.  It  is 
therefore  concluded  that  Poisson's  ratio  and  the  coefficient 
of  expansion  are  independent  of  porosity. 
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THE  ELASTIC  MODULUS 

In  the  search  for  a  relation  between  Young's  modu¬ 
lus  and  bulk  porosity,  considerable  data  for  several  types 
of  alumina  were  found.  References  15  and  16  present 
most  of  these  data  and  propose  the  following  empirical  re¬ 
lation  for  describing  the  dependence: 

E/E^=e"’^^,  (4) 

where 

P  =  bulk  porosity,  as  defined  earlier 

E  =  modulus  at  porosity  =  P 

E^  =  modulus  at  porosity  =  0 

e  =  Naperian  base 

b  =  empirical  constant  which  best  fits  the  par¬ 
ticular  data  points. 

Eight  separate  studies  are  presented  in  Refs.  15  and  16, 
all  of  which  used  different  measuring  techniques  on  sam¬ 
ples  of  alumina  which  were  fabricated  by  differing  pro¬ 
cesses.  These  processes  included  hot  pressing,  cold 
pressing  and  slip  casting.  The  measuring  techniques 
included  the  resonant  frequency  technique,  the  velocity  of 
sound  technique,  the  transverse  bend  and  flexural  vibra¬ 
tion  techniques.  Percent  porosities  ranged  from  0,  37%  to 
about  50%.  Figure  13  Illustrates  the  significant  observa¬ 
tion  which  can  be  made  from  all  these  data;  that  the  hot 
and  cold  pressed  samples  all  fall  along  a  fairly  narrow 
band  of  values.  The  one  set  of  slip  cast  data,  which  was 
measured  by  Coble  and  Kingery  (Ref.  12),  shows  a  markedly 
different  trend. 

The  theory  of  Spriggs  and  Knudaen,  (Eq.  (4))  can  be 
made  to  fit  the  data  of  Coble  and  Kingery  if  b  =  2.  73: 
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E/E  =  (5) 

o 

Over  the  porosity  range  of  0  to  50%,  Eq.  (5)  provides  a 
good  fit  (Fig.  13);  however,  consideration  of  this  equation 
will  soon  reveal  that  at  a  porosity  near  100%  (i.  e. ,  where 
the  material  is  all  pores)  there  is  still  a  finite  modulus 
indicated.  Hasselman  makes  note  of  this  fact  (Ref.  17) 
and  proposes  an  equation  developed  by  Hashin  (Ref.  18)  of 
the  form: 


E/E 

o 


1  + 


A»P 

1  -  (A*  +  DP  * 


(6) 


where 

A'  is  an  empirical  constant  and  the  other  param¬ 
eters  are  as  defined  earlier. 

Hasselman  uses  the  least  squares  technique  to  fit  four  of 
the  eight  sets  of  points  reported  by  Knudsen  and  Spriggs 
to  the  above  equation.  Interestingly  he  chose  only  speci¬ 
mens  which  were  cold  or  hot  pressed  and,  specifically,  he 
did  not  report  on  the  slip  cast  specimens  of  Coble  and 
Kingery.  As  a  part  of  the  present  study,  the  five  data 
points  of  Coble  and  Kingery  were  fit  to  Hasselman's  equa¬ 
tion  and  the  fit  was  found  to  be  overly  sensitive  to  the  50% 
porous  data  point.  As  a  result,  the  fit  of  Eq.  (6)  at  low 
porosities  is  less  precise  than  the  fit  at  high  porosities. 
Figure  14  shows  the  Hasselman  equation  (Eq.  (6))  and  the 
exponential  fit  (Eq.  (5))  plus  the  experimental  data.  The 
other  curve  shown  in  Fig,  14  is  discussed  in  the  following 
paragraphs. 

Coble  and  Kingery  present  what  seems  to  be  the 
best  equation  for  fitting  the  data  of  the  slip  cast  speci¬ 
mens.  They  use  an  equation  derived  by  MacKenzie  (Ref. 
19): 
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_  5(3K  +  4G  )  » 

^  ~  G~  (9K  +  8G  )  ^  * 

o  o  o 


(7) 


where 


G  =  modulus  of  rigidity, 

K  =  bulk  modulus, 

A'  =  constant  value,  and 

subscript  o  refers  to  the  properties  of  alumina 
in  the  dense  (P  =  0)  state. 


Using  the  identities: 

E 


K  = 


3(1-2^)  ' 


(8) 


and 


G  = 


E 


2(1H/)  ’ 


(9) 


Eq.  (7)  can  be  rewritten  in  terms  of  Poisson's  ratio: 


(10) 


The  boundary  condition  of  E/E^  =  0  at  P  =  1  yields: 


A'  =  1  + 


15(1/ -1) 
7-5J/ 


(11) 


Furthermore,  for  u  =0.28,  which  is  a  good  average  value 
for  alumina  and  other  ceramics,  Eq.  (11)  becomes: 


E/E  =  1  -  1.92P  + 0.93P^ 
o 


(12) 
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Figure  14  shows  the  data  of  Coble  and  Kingery  along  with 
the  three  "theoretical”  fits  described  above,  i.  e.,  Knudsen 
and  Spriggs  (Eq.  (5)),  MacKenzie  (Eq.  (12)),  and  Hasselman 
(Eq.  (6)).  Up  to  about  50%  porosity  there  would  be  little 
argument  in  using  either  the  exponential  (Eq.  (5))  or  the 
quadradic  (Eq.  (12))  expression.  However,  from  50%  to 
100%  porosity  the  quadratic  relation  shows  a  closer  corre- 
laticxi  to  the  trend  implied  by  the  experimental  data  and  will 
therefore  be  used  for  the  current  study. 


THERMAL  CONDUCTIVITY 

McClelland  and  Petersen  (Ref.  20)  report  on  the 
variation  of  the  room  temperature  value  of  thermal  conduc¬ 
tivity  with  porosity  to  values  near  50%.  The  data  was  taken 
on  hot  pressed  alumina  whose  density  was  varied  by  chang¬ 
ing  the  sintering  pressure  and  temperature.  For  porosities 
above  50%  only  a  few  references  were  found.  An  informal 
report  by  the  Douglas  Aircraft  Co.  reports  on  measure¬ 
ments  of  one  sample  at  about  60%  porosity.  A  paper  by 
Pyron  &  Pears  (Ref.  21)  reports  work  with  two  samples  of 
alumina,  one  at  about  66%  porosity  the  other  at  about  86%. 
The  values  of  Porosity  deduced  from  the  cylinder  tests  of 
the  first  phase  can  also  be  used  as  a  data  point  for  a  porosity 
of  about  70%.  All  these  data  are  plotted  in  Fig.  15  and  they 
show  a  remarkable  degree  of  consistency.  The  curve  plotted 
in  Fig.  15  is  an  empirical  fit  to  the  data  points  presented. 
Coble  and  Kingery  make  the  observation  that  the  thermal 
conductivity  is  the  property  which  shows  the  largest  sensi¬ 
tivity  to  the  type  of  porosity  introduced  into  a  material. 
Materials  which  have  continuous  solid  phases  (i.  e. ,  the 
pores  are  voids  introduced  into  the  solid  phase  at  the  time 
of  formation)  show  a  moderate  dependence  of  conductivity 
on  porosity.  In  materials  with  a  continuous  pore  phase 
(i.e,  where  the  solid  parts  are  small  grains  or  spheres 
packed  together  such  that  only  a  minimal  solid  contact  ex¬ 
ists  between  grains)  the  conductivity  varies  sharply  with 
porosity.  To  quote  from  Ref.  12,  "For  these  different 
types  of  porosity  the  relative  conductivity  may  differ  by  a 
factor  of  5  to  10  at  a  constant  amount  of  porosity".  The 
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curve  of  Fig.  15  falls  within  a  band  of  values  reported  by 
Coble  and  Kingery  to  be  representative  of  intermediate 
types  of  porosity. 

Introducing  porosity  into  a  material  generally  re¬ 
duces  the  material's  thermal  c<»idv5ctivity.  However,  at 
elevated  temperatures,  radiation  heat  transfer  across  the 
pores  tends  to  increase  the  apparent  conductivity  of  the  ma¬ 
terial.  In  an  effort  to  discover  the  relative  magnitude  of 
such  a  mode  of  heat  transfer  in  porous  materials  at  high 
temperature,  the  following  approximation  of  a  pore  was 
considered.  The  pore  is  assumed  to  be  laminar;  i.  e. ,  two 
parallel  surfaces,  <»ie  at  temperature  and  the  other  at 
Tg  separated  by  a  distance  d: 


Both  surfaces  have  the  same  emissivity  C  and  absorptivity 
0!  .  It  is  desired  to  know  the  net  heat  flux  per  unit  area 
(qnet)  across  the  imaginary  plane  spaced  between  the  two 
given  planes.  This  flux  will  be  the  total  radiated  heat  per 
unit  area  from  the  surface  at  Tj  less  the  heat  radiated 
from  the  surface  at  T2  plus  a  consideration  for  the  energy 
reflected  at  each  surface.  In  algebraic  terms: 


a!  *  =  (coT^)  -  (cotS  +  (l-aiecrTp-  (i-a)caTt  +  (l-a)^  ca  T^ 
■^et  12  *  1  1 


-  (l-Q!)^€aT^  +  ... 


(13) 
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where 


o  is  the  Stefan  Boltzman  constant. 


The  first  two  terms  are  the  primary  radiation  terms,  the 
third  term  represents  the  heat  radiated  by  surface  2  but 
reflected  at  surface  1.  the  fourth  term  is  the  heat  similarly 
reflected  from  surface  2,  and  the  successive  terms  repre¬ 
sent  the  continuing  reflections  that  proceed  indefinitely. 
Equation  (13)  can  be  simplified  to: 


4 

-T^+T 


4 

1 


GO 


L 

n=l 


(1-af  (-1)" 


-Tg  {1-afi-lf 

n=l 


(14) 


or, 

CO 

vt  ‘  L  <-»“  • 

n=0 


The  infinite  sum  is  equal  to: 


(l-a)"  (-1)" 


1 

2-Oi  * 


(15) 


and  if  we  assume  that  €  =  a,  and 

-T^  “  4T  (Tj  -  T^), 
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,  y4€ffT^d 

eff  ■  (2-€) 

where: 


(17) 


y  =  1  for  laminar  pores  and  cylindrical  pores 

with  axes  parallel  to  the  heat  flow, 

9 

y  =  -  for  spherical  pores, 

n 

y  =  —  for  cylindrical  pores  with  the  axes  per¬ 

pendicular  to  the  heat  flow. 

Several  different  equatiois  of  conductivity  versus 
porosity  and  temperature  are  found  in  the  literature,  but 
the  most  straightforward  treatment  seems  to  be  the  best. 
That  is,  considering  the  conductivity  of  the  porous  ma¬ 
terial  as  the  sum  of  the  parts  due  to:  (a)  the  solid,  (b)  the 
air  in  the  pores,  and  (c)  the  "effective"  conductivity  of 
radiation.  In  other  words,  the  conductivity  as  a  function 
of  temperature,  kp(T)  would  be: 

3 

kp(T)  =  0  k^(T)  +  (1-^ )  k^(T)  +  ,  (18) 


where 

^  =  the  room  temperature  conductivity  ratio, 
kp/k^,  which  is  dependent  on  the  porosity 
as  shown  in  Fig.  15, 

subscript  a  is  a  reference  to  the  air  or  whatever  ma¬ 
terial  constitutes  the  pores, 

and  the  other  variables  are  as  described  earlier. 

The  only  data  available  for  comparison  to  the  func¬ 
tional  relationship  shown  in  Eq.  (18)  is  a  group  of  ques¬ 
tionable  data  points  reported  by  Pyron  &  Pears  in  (Ref.  21). 
A  Sample  of  their  data  is  plotted  in  Fig.  16  along  with  the 
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corresponding  data  from  Eq.  (18)  using  a  porosity  of  66% 
and  a  pore  diameter  of  0.01  inch.  No  significant  conclu¬ 
sion  can  be  made  from  the  apparently  good  correlation 
shown  in  Fig.  16  because  of  uncertainities  in  the  authenticity 
of  the  data.  For  example,  the  data  was  taken  by  two  differ¬ 
ent  techniques,  one  at  room  temperature  and  one  at  higher 
temperatures.  Furthermore,  the  tests  were  run  at  a  re¬ 
duced  pressure  and  there  is  no  guarantee  that  the  conduc¬ 
tivity  values  used  in  Eq.  (18)  for  the  dense  material  would 
match  those  of  Ref.  21. 

In  order  to  show  what  is  implied  by  Eq.  (18),  Fig. 

17  presents  several  plots  of  kp  versus  T  for  differing 
porosities.  Figure  18  shows  a  curve  of  kp  versus  T  for 
a  high  porosity  sample  and  also  shows  variations  cuased  by 
changing  the  pore  size  (d).  The  expanded  scale  of  Fig.  18 
should  be  noted  along  with  the  observation  that  it  takes  a 
very  large  variation  in  pore  diameter  to  affect  significant 
changes  in  the  effective  conductivity  at  high  temperatures. 

With  the  above  porosity  functions  defined,  it  was 
then  possible  to  conduct  the  parametric  study  for  optimizing 
the  thermal  stress  resistance  of  A-sandwich  radomes  on 
supersonic  trajectories.  The  following  discussion  will  de¬ 
scribe  the  analytical  procedures  used  and  the  results  which 
were  obtained. 
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5.  LIMITATION  STUDIES 


THEORETICAL  PROCEDURES 


n 


The  aerodynamic  heating  of  the  A -sandwich  walls 
is  calculated  using  Eckert's  reference  enthalpy  technique. 
The  transient  conduction  and  radiation  heat  transfer  is 
calculated  using  a  lumped  mass,  forward  marching,  finite 
difference  computer  program  (Refs.  6  and  7)  developed  at 
APL  (cf.  Eq.  (2)).  Coupled  with  this  heat  transfer  pro¬ 
gram  is  a  subroutine  which  will  compute  thermal  stresses 
according  to  the  theory  of  Rivello.  The  radome  shape 
which  this  analysis  will  simulate  is  a  28.  3-inch-long  Von 
Karman  curve  with  a  fineness  ratio  of  2. 1.  The  maximum 
heating  location  for  such  a  shape  has  been  shown  to  occur 
where  the  flow  changes  from  laminar  to  turbulent  (Ref.  23), 
For  this  radome  shape,  the  transition  was  assumed  to  occur 
1.  4  inches  from  the  tip  of  the  radome,  measured  along  the 
surface.  For  the  thermal  stress  calculations  this  location 
will  be  approximated  by  a  cylinder  with  a  radius  measured 
normal  from  the  surface  to  the  centerline  of  the  radome. 
Figure  19  shows  a  sketch  of  some  of  the  analytical  models 
used. 


Tht'’  fii':{ht  environment  considered  for  this  study  con¬ 
sisted  of  altitudes  ranging  up  to  100  000  feet  and  velocities 
up  to  12  000  ft/s.  Specific  trajectories  were  characterized 
by  a  launch  angle  (QE)  and  linear  velocity  history.  The 
velocity  histories  used  were  annotated: 

n 

VI  for  a  constant  acceleration  of  266  ft/s^ 

2 

V2  for  a  constant  acceleration  of  400  ft/s 

,  2 

V2  for  a  constant  acceleration  of  600  ft*/  s 

These  velocity  histories  and  launch  angles  cover  the  flight 
regimes  of  current  as  well  as  potential  future  missiles. 

The  first  parameter  studied  which  affects  thermal 
stress  resistance  was  skin  thickness.  Electrically  opti- 
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mized  walls  with  several  different  skin  thicknesses  (all 
other  parameters  held  constant)  were  flown  on  the  same 
missile  trajectory.  The  first  cases  studied  were  those 
of  X-band  alumina  walls  with  core  porosities  of  66%.  It 
should  be  noted  that  since  the  thickness  of  the  monolithic 
alumna  wall  at  X-band  is  approximately  0.  20  inch,  an 
A-sandwich  with  skins  larger  than  0. 10  inch  each  will  pro¬ 
vide  no  weight  advantage.  Also,  skins  with  thicknesses 
less  than  0.  005  inch  are  impractical  from  the  point  of 
view  of  handling  as  well  as  fabrication. 

Figure  20  shows  the  stresses  that  were  calculated 
at  the  inner  wall  for  several  sandwich  walls  with  skin 
thicknesses  in  this  interval.  Inspection  of  the  figure  will 
show  that  there  is  no  optimum  skin  thickness  (i.  e. ,  no  one 
design  realizes  lower  stresses  than  others  with  either 
thinner  or  thicker  skins.  Furthermore,  the  monolithic  wall 
realizes  the  lowest  stresses  and  therefore  is  significantly 
better  than  any  of  the  sandwich  designs.  It  may  also  be 
noted  that  the  A-sandwich  design  skin  with  0. 015 -inch  is 
the  worst  case;  that  is,  skin  thicknesses  both  larger  and 
smaller  than  this  value  realize  smaller  stress  histories. 
This  is  precisely  the  opposite  of  the  optimum  that  was  be¬ 
ing  sought. 

The  second  design  parameter  studied  was  core 
porosity.  In  this  case,  for  a  given  radar  band  the  environ¬ 
ment  and  skin  thickness  parameters  were  held  constant 
while  the  core  porosity  was  varied.  Values  of  50%,  66%, 
and  90%  porosity  were  chosen  because  they  represent  the 
range  of  porosity  considered  practical  from  a  weight  sav¬ 
ings  as  well  as  a  fabrication  and  handling  standpoint.  Fig¬ 
ure  21  shows  the  stress  versus  time  data  for  three  X-band 
radomes  at  VI,  80°  QE  and  a  skin  thickness  of  0.06  inch. 
Although  the  entire  spectrum  of  core  porosities  was  not 
studied,  the  figure  shows  a  trend  of  better  thermal  stress 
resistance  for  decreasing  porosity.  It  can  be  noted  in 
Fig.  21  that  the  66%  and  80%  porosity  cases  are  very 
nearly  the  same.  This  can  in  part  be  explained  by  again 
noting  Figs.  Hand  15;  at  66%  and  80%  porosity  the  curves 
of  conductivity  and  modulus  are  not  greatly  different.  The 
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largest  changes  of  these  properties  occur  at  the  lower 
porosities.  As  a  result  of  this,  the  modulus  and  conduc¬ 
tivity  at  66%  porosity  and  80%  jxwosity  are  not  greatly 
different. 


The  conclusion  drawn  from  the  data  presented  in  !  | 

Fig.  21  is  similar  to  that  for  the  skin  thickness  study: 
there  is  no  core  porosity  which  will  realize  a  lower 

thermal  stress  than  other  poi’osities  either  larger  or  * 

smaller.  Moreover,  the  thermal  stress  optimizaticm  -  - 

study  has  shown  that  there  is  no  optimum  A -sandwich  de¬ 
sign  (i.  e. ,  no  A -sandwich  of  skin  thickness  and  core  I 

porosity  realizes  a  minimum  stress  level  in  a  given  ther-  — ' 

mal  environment).  The  consequence  of  this  result  is  that 
several  A -sandwich  walls  w'ill  have  to  be  evaluated  in  the  i 

f  { 

flight  limitations  study  to  gain  an  accurate  description  of  ^  ‘ 

the  maximum  A -sandwich  flight  capabilities. 


FUGHT  UMiTS  -  ALUMINA 

The  flight  limitations  of  a  particular  radome  design 
due  to  thermal  stresses  are  determined  by  calculating 
stresses  in  the  design  during  several  different  trajectories. 
The  time  at  w^hich  the  stress  history  exceeds  the  design 
limit  is  then  plotted  in  a  velocity  versus  time  coordinate 
system  for  several  trajectories.  The  locus  of  these  points 
defines  an  operating  regime  beyond  which  the  missile  can¬ 
not  fly,  under  the  assumption  of  linear  acceleration.  Other 
sources  (Refs.  23  and  24)  have  reported  calculation  methods 
wherein  the  velocity  history  was  allowed  to  vary  in  such  a 
way  that  the  limit  stress  was  never  exceeded.  This  velocity 
limit  method  produces  a  somewhat  more  complete  thermal 
stress  limit  definition  but  is  never  higher  than  the  limit  re¬ 
ported  here.  Because  of  the  complexity  of  this  method  it 
was  not  used  on  the  many  cases  studied  in  this  investigation. 

Figure  22  presents  thermal  stress  limits  for  66% 
porous  alumina  A -sandwich  radomes  flown  at  an  80®  QE  for 
trajectories  VI,  V2,  and  V3.  Skin  thickness  is  shown  as  a 
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Fig.  22  VELOCITY  LIMITS  OF  A-SANDWICH  ALUMINA  WITH  66%  POROUS  CORE  AT 
X-BAND,  QE  =  80° 
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parameter.  Inspection  of  the  figure  shows  all  four  sandwich 
designs  limited  to  flights  generally  below  Mach  3  and  con¬ 
siderably  below  the  monolithic  v/all  limit,  which  is  also 
plotted  for  comparison.  Figure  23  presents  data  for  two  of 
the  same  walls  at  a  QE  of  20®,  which  represents  the  upper 
limit  in  thermal  environment.  An  80®  launch  angle  achieves 
higher  velocities  at  higher  altitudes,  while  low  launch  angles 
achieve  high  velocities  at  low  altitudes  (where  aerodynamic 
heating  is  more  severe).  Figure  23  shows  the  same  basic 
trends  as  noted  in  Fig.  22,  with  all  of  the  limits  occurring 
at  slightly  earlier  times.  Figures  24  through  26  present 
similar  data  that  were  generated  for  alumina  A -sandwich 
walls  suitable  for  other  radar  frequencies.  Figure  24  differs 
from  the  others  in  that  the  core  porosity  is  50%  (the  others 
are  66%).  Comparing  the  data  of  Figs.  22  and  24  it  may  be 
noted  that  the  low  porosity  core  results  in  slightly  higher 
limits. 


It  is  evident  from  the  above  mentioned  limit  curves 
that  the  alumina  A -sandwich  design  is  severely  limited  by 
thermal  stresses  and  that  none  of  the  cases  studied  shov/ed 
performance  better  than  the  monolithic  wall. 


FLIGHT  LIMITS  -  PYROCERAM  9606 

After  the  limits  results  for  alumina  had  been  com¬ 
piled  and  shown  to  be  so  low,  it  was  decided  to  choose  an¬ 
other  material  with  significantly  different  physical  proper¬ 
ties  and  see  if  any  different  results  would  be  obtained. 
Pyroceram  9606  was  chosen  because  it  exhibits  properties 
different  from  alumina  and  because  it  is  a  currently  used 
radome  material.  Correspondence  with  Corning  Glass 
(the  manufacturers  of  Pyroceram)  revealed  that  no  porous 
Pyroceram  ceramic  was  yet  being  produced  and  no  porosity 
dependent  properties  could  be  reported.  In  order  to  analyze 
a  Pyroceram  A -sandwich  wall  it  was  required  to  know  the 
porosity  dependence  of  the  physical  properties,  so  the  data 
found  for  alumina  was  employed  in  the  following  way.  The 
density  and  dielectric  constant  were  taken  as  varying  lin¬ 
early  with  porosity.  The  expansion  coefficient,  Poisson's 
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Fig.  23  LIMITATIONS  OF  ALUMINA  A-SANDWICH  AT  20°  QE  with  66%  POROUS  CORE, 
X-6ANO 


-  51 


VGLOCJTY  (U/t  K  1000) 


Fig.  24  LIMITATIONS  OF  ALUMINA  AT  50%  POROSITY,  X-BAND  RADAR,  QE  =  80° 
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Fig.  26  LIMITATIONS  FOR  ALUMINA  A-SANDWICH  WITH  66%  POROSITY,  QE  =  80°, 
K-BANO  RADAR 
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ratio  and  specific  heat  were  assumed  unaffected  and  the 
modulus  and  conductivity  I'atios  plotted  in  Figs.  14  and  15 
for  alumina  were  assumed  to  hold  for  the  Pyroceram  as 
well.  Reference  10  provided  the  data  values  for  the  dense 
Pyroceram. 

The  experience  gained  from  the  alumina  sandwich 
work  was  an  aid  in  selecting  the  appropriate  wall  definitions 
for  the  r^roceram.  Only  two  A -sandwich  configurations 
were  investigated  —  one  with  a  thin  skin  and  one  with  the 
thickest  practical  skin.  Figure  27  shows  the  stress  versus 
time  data  generated  for  66%  porous  Pyroceram  designs 
that  were  flown  at  an  80°  QE  on  both  VI  and  V3.  The  figure 
shows  much  similarity  to  the  stress  histories  of  the  alumina 
sandwiches,  that  is,  all  of  the  sandwich  walls  show  higher 
stresses  than  the  monolithic  designs.  Also  evident  in  Fig¬ 
ure  27  is  a  dip  in  the  stress  history  of  the  monolithic  wall 
on  trajectory  VI  at  about  16  seconds.  This  phenomenon  is 
explained  by  observing  that  the  thermal  expansion  data  for 
Pyroceram  9606  undergoes  a  change  in  slope  near  1000°F. 
This  change  is  probably  due  to  a  partial  inversion  of  one  of 
the  solid  phases  of  the  Pyroceram.  Near  room  temperature, 
Pyroceram  exhibits  an  expansion  rate  of  around  4. 2  x  10 
in/in-®F;  this  rate  decreases  to  about  1.  6  x  lO"®  in/in-°F  at 
1000°F  and  then  increases  again  to  about  2.  8  x  10“°  in/in-°F 
at  higher  temperatures.  An  inspection  of  the  thermal  gradi¬ 
ent  through  the  monolithic  wall  at  around  16  seconds  re¬ 
vealed  that  the  average  wall  temperature  was  around  1000°F, 
indicating  that  the  variable  expansion  data  was  causing  the 
anomalous  stress  history.  ’ 

Figure  28  presents  the  velocity  limits  for  the  wall 
definitions  analyzed  in  Fig.  27.  As  before,  the  sandwich 
designs  are  significantly  more  limited  than  the  monolithic 
case. 

The  similarity  between  the  Pyroceram  data  and  the 
alumina  data  leads  to  the  conclusi on.  that  there  would  be  no 
optimum  Pyroceram  9606  sandwich  parameters.  To  verify 
this  thought  and  create  further  design  limits  the  following 
cases  were  examined:  X-band,  66%  porosity  at  20°QE  (Fig. 
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29);  K-band,  66%  porosity  at  80“  QE  (Fig.  30);  and  C-band, 
66%  porosity  at  80“  QE  (Fig.  31). 

The  results  (shown  in  Figs.  29  through  31)  indicate 
the  same  general  conclusion  as  noted  for  the  alumina  sand¬ 
wich  walls:  no  case  studied  provided  better  performance 
than  the  monolithic  wall  design.  In  the  cases  where  the 
Pyroceram  monolithic  and  A -sandwich  designs  were  equally 
limited,  the  limitation  was  caused  by  melting  rather  than 
thermal  stress.  In  Fig.  30  it  is  noted  that  both  the  mono¬ 
lithic  and  A -sandwich  walls  reach  melting  limitations  at  the 
same  time.  Thermally,  this  would  appear  to  be  a  paradox; 
the  A -sandwich  wall,  having  the  low  conductivity  core, 
would  be  expected  to  achieve  higher  temperatures  than  the 
monolithic  "sink.  "  In  fact,  at  K-band  the  monolithic  wall 
is  quite  thin  (0. 08  inch)  and  represents  very  little  thermal 
capacity.  The  0. 04  inch  skin  A-sandwich  also  has  0. 08 
inch  of  solid  wall  plus  some  core  material  and  therefore 
represents  a  somewhat  larger  thermal  capacity,  lengthened 
the  time  required  to  reach  a  particular  overall  temperature. 
The  sandwich  construction  clearly  exhibits  lower  flight  limits 
with  the  majority  of  the  Pyroceram  failures  occurring  be¬ 
low  Mach  4. 5,  A  complete  skin  thickness  survey  was  not 
made  at  each  differing  condition  because  the  trends  noted 
in  the  previous  alumina  and  Pyroceram  work  indicated  no 
variations. 


COMBINED  LIMITS  OF  A-SANDWICH  STRUCTURES 

The  discussion  of  limitations  of  A-sandwich  struc¬ 
tures  has  so  far  included  only  thermal  stress.  In  the  pre¬ 
ceding  paragraphs,  mention  is  made  of  limitations  due  to 
melting,  which  suggests  that  there  may  be  some  other  fac¬ 
tors  besides  thermal  stress  failure  which  would  render  a 
radome  inoperable.  A  full  definition  of  a  radome's  limita¬ 
tions  would  include  effects  due  to  melting,  aerodynamic 
pressures,  maneuver  accelerations,  and  electrical  degrada¬ 
tion  due  to  the  temperature  dependence  of  the  dielectric 
constant. 
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Fig.  30  THERMAL  STRESS  LIMSTATiONS  OF  PYROCERAM  9606  A-SANOWICH  WITH 
66%  POROUS  CORE.  K-BANO,  QE  =  80° 


Fig.  31  THERMAL  STRESS  LIMITATIONS  OF  PYROCERAM  9606  A-SANDWICH  WITH 
66%  POROUS  CORE.  C-BAND,  QE  =  80® 
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For  monolithic  alumina  and  Pyroceram  9606  the 
mechanical  load  limitations  as  defined  in  Ref.  23  were 
found  to  always  be  in  excess  of  the  thermal  stress  or  elec¬ 
trical  limits,  that  is,  the  thermal  stress  or  electrical 
limits  were  always  the  controlling  factors.  Since  the 
A-sandwich  wall  thicknesses  for  these  materials  is  greater 
and  the  thermal  sti'ess  limits  are  lower  than  the  monolithic 
wall  cases,  the  a  priori  conclusion  can  be  stated  that  me¬ 
chanical  loads  will  not  be  the  limiting  parameter  for  the 
materials  considered  here. 

When  considering  the  electrical  limitations  of 
A-sandwich  designs,  the  results  from  monolithic  design 
studies  cannot  be  as  readily  applied.  The  A-sandwich, 
with  its  low  density  core,  is  electrically  more  complicated 
than  half-wave  ’nonclithic  wall  owing  mainly  to  internal  re- 
flecticns  at  each  skin  core  interface  and  the  two  different 
dielectric  constants  present.  A  brief  search  of  the  litera¬ 
ture  has  not  revealed  any  precise  way  of  analyzing  the 
boresight  error  rates  associated  with  temperature  changes 
through  the  A-sandwich  wall.  Only  the  following  qualitative 
observations  can  be  made. 

In  the  pre\dous  monolithic  radome  limits  study 
(Ref.  23),  electrical  limitations  were  the  lowest  limitations 
for  some  of  the  trajectories  studied,  but  in  general  the 
limits  for  Pyroceram  and  alumina  were  those  imposed  by 
either  thermal  stress  or  melting.  The  current  study  has 
shown  the  thermal  stress  limitations  of  A-sandwich  radome 
designs  to  be  considerably  below  that  found  for  comparable 
monolithic  designs.  Furthermore,  an  inspection  of  the 
temperature  gradient  across  an  A-sandwich  wall  will  reveal 
that  at  the  time  of  thermal  stress  failure,  a  significant 
temperature  increase  has  been  experienced  by  only  the 
outer  skin  and  a  small  portion  of  the  core.  Consequently, 
it  is  felt  that  any  changes  in  electrical  properties  due  to 
temperature  would  be  restricted  to  this  thin  outer  layer  of 
the  sandwich  and  hence  boresight  errors  would  be  small 
enough  to  be  tolerable.  On  the  basis  of  these  observations 
and  in  the  absence  of  any  electrical  scheme  for  quantitative 
measurements,  it  is  condluced  that  the  electrical  limita¬ 
tions  for  A-sandwich  radomes  are  superseded  by  the  thermal 
stress  susceptibility  of  the  design. 
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6.  CONCLUSIONS 


The  study  of  thermal  stresses  in  A -sandwich  ceramic 
shells  of  revolution  presented  in  this  report  has  shown  the 
inherent  suscevtibility  of  A-sandwich  structures  to  thermal 
stress.  Moreover,  a  method  for  theoretically  predicting 
A-sandwich  thermal  stresses  has  been  validated  and  then 
used  to  define  the  thermal  stress  limitations  of  alumina  and 
Pyroceram  9606  radomes  on  supersonic  flights.  The  com¬ 
puter  methods  that  were  developed  for  the  limitations  study 
are  quite  general  and  could  be  used  for  any  properly  defined 
material. 

Although  every  possible  flight  environment  was  not 
investigated,  the  cases  which  were  studied  encompassed 
the  maximum  and  minimum  bounds.  Similarly,  every  pos¬ 
sible  A-sandwich  design  was  not  tried  but  the  cases  that 
were  examined  are  felt  to  be  representative  of  A-sandwich 
performance  and  accurately  describe  the  major  tendencies 
of  A-sandwich  design  under  thermal  stress. 
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